The rising demand in the semiconductor industry for higher spatial resolution in the analysis of device defects has focused attention on the use of transmission electron microscopy (TEM). However, conventional TEM sample preparation can be difficult and time-consuming, and, depending on the operator, may result in a low yield of quality specimens. One solution to this problem is the use of focused ion beam (FIB) milling for the final stage of TEM sample preparation. However, specimens have to be mechanically thinned prior to FIB and the need to characterize specific devices requires a pre-FIB preparation method that can target specific features on the wafer. We will discuss an innovative and automated solution that isolates specific devices and prepares TEM specimens for subsequent FIB thinning. The complete pre-FIB preparation takes less than 30 minutes and yields a sample in which the targeted feature is positioned a specific distance from the sample edge, thereby minimizing final FIB milling time. The output specimen is automatically packaged for FIB milling and TEM analysis. We also present drawings of the process flow and examples showing TEM results from tungsten filled vias.
Introduction
Transmission electron microscopy (TEM) is a fundamental characterization technique in materials science, and one of the only methods that provides crystallographic, morphological and chemical information with high spatial resolution 1 . While TEM is extensively used in basic research and development, it is rarely used in industry for process monitoring, due to the length of time and operator skill required to prepare TEM specimens. With the continuing reduction in semiconductor device sizes process monitoring increasingly requires TEM investigations to provide microstructural characterization not available from scanning electron microscopy (SEM). The demanding specifications for quality TEM specimen preparation are currently the primary limitation preventing increased use of TEM in the semiconductor industry.
The requirements for a quality TEM specimen are extremely rigid. Specimens are normally 3.0 mm in diameter, and often less than 100 urn in thickness. The center region of the specimen must be further thinned to electron transparency (less than 1 urn) and must include the region of interest. While the preparation of planar-view specimens from bulk materials is fairly straightforward, the preparation of cross section specimens to investigate thin films and devices on a substrate is extremely complicated.
Cross sections of thin films are usually prepared by first sectioning the substrate, and gluing sections 'face-to-face', creating a 3.0 mm thick slab of material containing the thin films at its center. For substrates with a thickness of less than 1.5 mm, additional sections are glued 'face-to-back 1 in order to reach a total slab thickness of 3.0 mm. To provide a final specimen with sufficient mechanical rigidity, the sectioned slabs are then inserted and glued inside a metal or ceramic tube 2 ' 3 . Disks of 3.0 mm diameter are then sectioned from the tube and mechanically thinned to less than 100 urn in thickness. Chemical or electro-chemical thinning techniques are usually not possible for cross-section specimens, due to the varying thinning rates of the different materials, so broad-beam ion-milling is the choice for thinning the center of the disk to electron transparency. In order to induce preferential ion-milling at the center of the specimen (the region containing the thin films) mechanical dimpling of the center region is normally required prior to ion-milling.
While this method can produce quality cross-section specimens, the process is extremely time consuming, and requires great individual expertise. In addition, the process yield is unacceptably low with only a fraction of completed specimens sufficiently thin for TEM investigations. Finally, the method is not viable for TEM investigations of specific devices and defects since it is not possible to ensure that the region of interest will be located in the electron transparent region at the center of the specimen.
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Automated TEM Sample Preparation
Continued from page 14 FIB milling has the advantage of permitting constant monitoring of the target using the secondary electron image. However, since FIB is inherently slow, most FIB preparations require the mechanical thinning of the specimen prior to milling. Also prior to milling, the wafer must be sectioned in a manner that ensures that the region of interest can be thinned by FIB. Using the process described below, we can prepare a 20 urn thin specimen containing the target in less than 30 minutes.
Methodology
The first step in the process is the precision cleaving of the target segment from the wafer using an automated Microcleaving system (SELA MC Series). This produces a pre-FiB input sample a few millimeters across (exact size depends on the system used) with the target feature at the chosen offset from the cleaved edge. The Microcleaving process takes 7-20 minutes.
The sample is then transferred to the pre-FIB sample preparation system {SELA TEMstation) where processing proceeds as follows (step numbers refer to the process flow diagram shown in figure 1 ):
1) The operator loads consumables, a filled glue capsule and two needles, into the stack and then inserts a new stub into the stub holder. Then the operator places the input sample on the pre-sawing chuck.
2}
The system automatically performs a preliminary sawing operation to create a specifically dimensioned in-process sample if required. The cleaved edge and nearby area of interest are not disturbed by this or any subsequent sawing operation.
3) The system automatically transfers the in-process sample from the pre-sawing chuck to the main chuck and performs an automatic alignment procedure to ensure that the cleaved sample edge is properly aligned with the saw blade prior to the first sawing operation. Using a very fine blade, the system then cuts a channel parallel to the cleaved edge, creating a 20 mm (nominal) thin wall containing the target. After completing the sawing operation, the system monitor displays an optical image of the thinned wall, allowing the operator to confirm sample quality before proceeding. 4) After the first sawing, the system automatically bonds the specimen to the stub and aligns the specimen for the second sawing.
5) The second sawing trims away the bulk of the sample and the underlying stub, leaving the 20 urn thin wall and the area of interest untouched and bonded to the stub.
6) The operator now removes the stub holder with the stub and sample in place and applies the FIB ciamp to the portion of the stub that will become the TEM sample carrier. 7) After the operator returns the stub assembly, the system performs a final sawing operation to separate the sample, TEM sample carrier, and FIB clamp from the remainder of the stub. The operator may now transfer the sample, grid and clamp directly to a FIB workstation for final thinning. 8) After thinning in the FIB system and removing the clamp, the sample and grid are ready for direct insertion into a TEM sample holder.
The finished pre-FIB specimen contains one cleaved edge (a high quality edge) and one sawed edge. Detailed SEM investigations have shown no significant micro-cracking (Such surface flaws could act as crack initiation sites and lead to failure of the specimen during handling.) due to cleaving or sawing, and a maximum of 2 urn chipping on the sawed edge.
The entire pre-FIB process takes approximately 30 minutes. The resulting 20 urn thin specimen typically requires 1 to 1.5 hours of FIB milling time to produce the final TEM sample. The system is fully automated, and does not require operator intervention from the time the target is designated until the FIB clamp is applied. It is well suited to a multi-user environment, and requires no expertise or previous experience. In our laboratory we routinely achieve throughput of 3-4 samples per hour. The finished sample requires no cleaning and is never exposed to water during the process.
Examples
Figures 2 through 7 show various stages in the preparation of a TEM sample using the automated system described above. The targeted structures are tungsten vias in an integrated circuit fabricated on a conventional silicon wafer. The process begins with isolation of the region of interest using the integrated optical microscope and video display of the microcleaving system. These optical micrographs show the region of interest, from which the TEM cross-section will be prepared. •\ "ns Figure 6 : This low magnification bright field TEM micrograph shows the region of interest. 
Summary & Conclusions
We have described an innovative and automated technique for preparing cross sectional TEM samples of selected device structures. The entire pre-FIB preparation, including Microcleaving, routinely takes about 30 minutes. An important added benefit is the capability to position the target a specific distance from the sample edge, thus minimizing subsequent FIB milling time as well. The pre-FIB specimen is already packaged for FIB milling and TEM examination. All of these contribute to the significant time savings we achieve in our operations from automated TEM sample preparation. And more so, perhaps, than in any other industry, in semiconductor manufacturing, time is money.
